Previous work from our laboratory localized nitric oxide to the affected spinal cords of mice with experimental autoimmune encephalomyelitis, a prime model for the human disease multiple sclerosis. The present study shows that activated lymphocytes sensitized to the central nervous system encephalitogen, myelin basic protein, can induce nitric oxide production by a murine macrophage cell line. Induction was inhibited by aminoguanidine, a preferential inhibitor of the inducible nitric oxide synthase isoform, and by NG-monomethyl-L-arginine. Aminoguanidine, when administered to mice sensitized to develop experimental autoimmune encephalomyelitis, inhibited disease expression in a dose-related manner. At 400 mg aminoguanidine / kg per day, disease onset was delayed and the mean maximum clinical score was 0.9±1.2 in aminoguanidine versus 3.9±0.9 in placebo-treated mice. Histologic scoring of the spinal cords for inflammation, demyelination, and axonal necrosis revealed significantly less pathology in the aminoguanidinetreated group. The present study implicates excessive nitric oxide production in the pathogenesis of murine inflammatory central nervous system demyelination, and perhaps in the human disease multiple sclerosis. (J. Clin. Invest. 1994.
Introduction
Despite numerous advances in the past decade, the cause and pathogenesis of the inflammatory central nervous system (CNS)' demyelinating disorder, multiple sclerosis (MS), remain unknown. Experimental autoimmune encephalomyelitis (EAE), an inflammatory CNS demyelinating disorder which serves as the prime animal model for MS, can be induced in a number of species by immunization with myelin components or injection of autoimmune T lymphocytes ( 1-3). 1 . Abbreviations used in this paper: CNS, central nervous system; EAE, experimental autoimmune encephalomyelitis; iNOS, inducible nitric oxide synthase; LNC, lymph node cell; L-NMA, NG-monomethyl-L-arginine; MBP, myelin basic protein; MS, multiple sclerosis.
Recent evidence from this laboratory (4) and others (5, 6) have documented the presence ofnitric oxide (NO) or its products in the affected tissues or cells of mice and rats with EAE. NO, a gaseous free radical, has been implicated in the pathogenesis of a variety of inflammatory/immunologically mediated disorders (7) . Although it functions as a cellular messenger, NO is thought to play a role in pathologic processes due to its cytotoxicity at high concentrations (8, 9) . NO is produced in large quantity by activated macrophages, astrocytes, and other cell types via an inducible isoform of nitric oxide synthase (iNOS) (10) (11) (12) (13) (14) . Studies from this laboratory using electron paramagnetic resonance spectroscopy demonstrated nitrosyliron complexes (indicative of NO presence) in spinal cords of mice with EAE, with concurrent decrements in iron-sulfur proteins important to the function of a number of cellular enzymes (4) .
Aminoguanidine, a nucleophilic hydrazine compound, has recently been shown to be a selective inhibitor of iNOS ( 15, 16) . Because our previous work indicated elevated NO levels in EAE-affected CNS consistent with its production by iNOS together with destruction of iron-sulfur proteins, a potentially toxic effect, our study was undertaken to investigate effects of aminoguanidine upon the course and pathology of adoptively transferred EAE in the SJL mouse strain. The results of controlled, blinded experiments support a role for NO in the pathogenesis of this disorder.
Methods
Mice. Pathogen-free SJL females aged 6-12 wk were obtained from Jackson Laboratories (Bar Harbor, ME) and were housed and maintained in microisolator cages in accordance with guidelines set forth by the Washington University Committee for the Humane Care ofLaboratory Animals and the NIH regarding laboratory animal welfare.
Aminoguanidine treatment ofmice given lipopolysaccharide to induce nitric oxide synthase. 10 female SJL mice were used in this experiment. Two mice each were treated with 100 mg aminoguanidine/kg per day subcutaneously (s.c.), 200 mg aminoguanidine/kg per day s.c., 400 mg aminoguanidine/kg per day s.c., 400 mg aminoguanidine/kg per day intraperitoneally (i.p.) or saline s.c. for 12 h before and after intravenous injection of20 ,g lipopolysaccharide (Escherichia coli serotype 011 1:B4; Sigma Chemical Co., St. Louis, MO). Serum samples from each animal were obtained at 0-, 3-, 6-, and 10-h time points by retroorbital venous puncture of methoxyfluorane-anesthetized mice.
Serum nitrate and nitrite levels were determined as described below.
Induction ofEAE by adoptive transfer. The method of EAE induction was similar to that published previously ( 17) . The encephalitogen myelin basic protein (MBP) was prepared from guinea pig spinal cords (Rockland, Inc., Gilbertsville, PA) according to a published method ( 18) . SJL mice were immunized subcutaneously in four sites over the flanks with 400Mgg MBP emulsified with 60 ,g Mycobacterium tuberculosis, H37RA (Difco Laboratories, Detroit, MI). 10 d later, draining axial, brachial, and inguinal lymph nodes were removed and a singlecell suspension was prepared by pressing nodes through sterile 50-mesh stainless steel. Lymph node cell (LNC) number and viability were as-sessed by trypan blue exclusion. Cells were plated at 4 X 106/ml in media consisting of RPMI 1640 (Sigma Chemical Co.) supplemented with nonessential amino acids, sodium pyruvate, l0-' M f3-mercaptoethanol (Sigma Chemical Co.), penicillin G (100 U/ml, Sigma Chemical Co.), glutamine (2 mM, Sigma Chemical Co.), and Hepes buffer to which was added 50 ,g MBP/ml and 10% FBS (GIBCO, Grand Island, NY). After 3 d at 370C, 7% C02, cells were washed twice and injected intravenously together with 50 ng pertussis toxin (List Biologic Laboratories, Campbell, CA) into 6-8-wk-old syngeneic recipient mice.
Clinical grading ofEAE. Mice were evaluated daily and graded by a blinded investigator according to the following scale: grade 1 = limp tail; grade 2 = hind limb weakness sufficient to impair righting; grade 3 = one limb plegic; grade 4 = two limbs plegic; grade 5 = 3 or 4 limbs plegic or the animal was moribund ( 17) . Relapses were defined as worsening by at least one grade lasting 2 48 h.
Aminoguanidine treatment ofmice induced to develop EAE. Mice were treated from the day of cell transfer with the iNOS inhibitor, aminoguanidine hemisulfate (Sigma Chemical Co.; LD50 1,600 mg/ kg per day, A. H. Cross and R. G. Tilton, unpublished studies). Coded samples of aminoguanidine dissolved in PBS or placebo (PBS) were administered by a blinded investigator. Three dosing schedules were used: three times per day (total dose 400 mg/kg per day; 100 mg/kg at 9:00 a.m., 100 mg/kg at 1:00 p.m. and 200 mg/kg at 5:00 p.m., i.p.); twice daily (200 mg/kg per day; 100 mg/kg at 9:00 a.m. and 100 mg/kg at 5:00 p.m., s.c.); or once a day (100 mg/kg per day, at 9:00 a.m., s.c.).
Spectrofluorimetric determination ofnitrite and nitrate. The RAW 264.7 murine macrophage line (American Type Tissue Collection, Rockville, MD) was maintained in DME supplemented with glutamine, and 10% FBS. The RAW 264.7 cells were placed in MEM containing Earle's salts (without phenol red; GIBCO) for induction experiments. The ability of MBP-sensitized LNC or their supernatant fluids to induce NOS activity in the murine macrophage cell line RAW 264.7 was determined by the measurement of nitrite levels in the resulting conditioned media using modifications of a published method ( 19) .
Antibodies to murine IFN-'y (monoclonal hamster), TNFa (polyclonal rabbit antiserum), and IL-1,B (polyclonal rabbit anti-human IL-1,B# which cross-reacts with mouse) were obtained from Genzyme Corp. (Cambridge, MA). 2,3-Diaminonaphthalene was reacted with nitrite under acidic conditions to form 'H] naphthotriazole, a fluorescent product. Nitrite standards (> 98% pure, Sigma Chemical Co.) were made fresh for each determination. Formation of2,3-diaminonaphthotriazole was measured using a fluorescent plate reader (Pandex; IDEXX Laboratories, Inc., Westbrook, ME) with excitation at 365 nm and emission read at 450 nm. The assay is sensitive to nitrite concentrations as low as 10 nM (20). 2 mM aminoguanidine or 2 mM N0monomethyl-L-arginine (L-NMA; Sigma Chemical Co.) was added to some reaction mixtures to inhibit murine NOS induced by the activated MBP-sensitized LNC. These concentrations were used because the MEM itselfcontains 500MgM arginine. Nitrate reductase was added to serum assays to measure nitrate in addition to nitrite (20) .
Effect ofaminoguanidine on EAE-inducing cells in vitro. Two types of experiments were used to determine the effect of aminoguanidine upon EAE-inducing cells. For adoptive transfer, during the 3-d antigen stimulation period, one-half of the cells to be used for transfer were cultured in 100 MM aminoguanidine and the other half were cultured without aminoguanidine. The four recipients (two from each culture) were observed daily for development of clinical EAE.
Proliferation assays were the second method used to determine the effect of aminoguanidine upon LNC. In 25 Ci/mmol (Amersham Corp., Arlington Heights, IL) was added to each well after which the plates were harvested using a semiau-tomated multichannel harvesting device (Skatron, Inc., Sterling, VA) onto glass fiber filters and counts per minute were determined by liquid scintillation using standard techniques. The stimulation index (SI) was calculated as follows: SI = mean cpm of cells cultured with antigen or mitogen /mean cpm of cells cultured in medium alone. EAE histology in aminoguanidineand placebo-treated mice. 15 aminoguanidineand 14 placebo-treated mice were anesthetized by methoxyfluorane inhalation and perfused through the left cardiac ventricle with 40 ml ofcold 2.5% buffered glutaraldehyde (Electron Microscopy Sciences, Fort Washington, PA). The brain and spinal cord were removed and thin slices at all levels of CNS including spinal cord (cervical, midthoracic, upper lumbar, L6, L7, and sacral) and sacral roots were postfixed in cold 1% osmium tetroxide (Electron Microscopy Sciences) for 60 min, after which sections were dehydrated through graded ethanols, cleared in propylene oxide, and embedded in EMBED 812 (Electron Microscopy Sciences). I-Mm sections placed on slides were stained with toluidine blue and scored blindly using a published scoring system (21) . Multiple sections from the L5, L6, and sacral spinal cord were scored from 0 to 5 for inflammation, demyelination, remyelination, and axonal necrosis.
Histology ofCNS and systemic organs in normal mice treated with aminoguanidine. Two normal SJL female mice treated 3 wk with 400 mg aminoguanidine/kg per day i.p. were perfused, fixed, and sectioned as described above but including systemic organs (lungs, heart, liver, spleen, kidneys, and pancreas) as well as the entire neuraxis (cerebrum, cerebellum, brainstem, cervical, thoracic, and lumbar and sacral spinal cord). A normal, untreated, age-matched SJL female was perfused at the same time as a reference. Multiple sections from each organ or CNS region were examined in blinded fashion.
Serial transfer experiments. Five control, placebo-treated mice with EAE and seven aminoguanidine-treated mice served as donors for the serial transfer of EAE (22) . Donor spleens were removed aseptically, and single-cell suspensions were prepared by pressing spleens through sterile mesh. Red blood cells were lysed with ammonium chloride. Spleen cells were cultured 3 d with 50 Mg MBP/ml. After in vitro stimulation, spleen cells were injected (5-9 X 107 cells per recipient) into naive syngeneic recipients.
Statistical analyses. Group differences in the clinical scores were analyzed by ANOVA and by the nonparametric Van der Waerden test, which makes no assumptions regarding data distribution. Time to clinical onset was analyzed using Kaplan-Meier survival tests. Inflammation, demyelination, necrosis, and remyelination scores were analyzed for differences between groups using a split-plot factorial. For analysis of pathology, three factors were tested: difference between treatment groups, differences between areas, and the interaction between the two. Results were considered significantly different if P < 0.05.
Results

Effect ofaminoguanidine on serum nitrite and nitrate levels ofLPS-treated SJL mice
To determine the effect of aminoguanidine treatment on NO levels induced by LPS, serial blood samples obtained from mice treated with placebo or aminoguanidine in the same dosing schedules used in the EAE studies were analyzed for nitrite and nitrate. Before LPS injection, the baseline serum nitrite for all mice was 39.7±11. control groups were compared with regard to maximal clinical score and time to clinical onset of EAE. No differences were noted between placebo groups of different experiments (P = 0.49). The results showed that the highest dose of aminoguanidine used (400 mg/kg per day i.p.) completely suppressed clinical expression of EAE in five out of eight treated mice (Fig. 1 ). Two of these mice were followed for 2 wk after discontinuation of aminoguanidine and did not become ill. However, the transfer of spleen cells from these two mice into individual naive recipients resulted in typical EAE in both recipients. The three mice treated with 400 mg/kg aminoguanidine that developed EAE displayed less severe disease than the controls (Fig. 1) . The difference in maximum clinical score between aminoguanidine and placebo groups were significant with P = 0.0001 using either ANOVA or Van der Waerden Scores. At 200 mg/kg per day, only one of four mice developed clinical EAE. At this dose, maximal clinical scores were reduced in the aminoguanidine-treated groups compared with controls, with P = 0.059 by ANOVA and P = 0.032 by Van der Waerden scores. Differences in maximum clinical scores for the 100 mg/kg dose were not significantly different between Note that the fraction of aminoguanidine recipients that are not ill is always greater than the healthy fraction of the placebo group. Because the fraction of unaffected aminoguanidine-treated mice was reduced each time a healthy member showing no signs was sacrificed for pathology, had the group been allowed to live longer the difference between aminoguanidineand placebo-treated would have been greater and the true curve for the aminoguanidine-treated group would be shifted upward and to the right. treated and placebo groups (P = 0.15 by ANOVA; P = 0.13 by Van der Waerden) (Table I) . Time to EAE onset was significantly delayed at the 400 mg/kg per day dose (P = 0.0087), even though healthy aminoguanidine recipients were considered "sick" at the time ofsacrifice for histology, for calculation purposes (Fig. 2 ). Time to EAE onset was not significantly different for the 100 and 200 mg/kg per day dose groups. In aminoguanidine-treated mice, no weight loss occurred and the internal organs appeared grossly normal. When administered subcutaneously, a bluish skin discoloration was sometimes observed at the site of injection.
Effects ofaminoguanidine upon normal SJL mice Blinded examination of multiple I-,gM sections ofbody organs and the entire CNS of two normal SJL mice treated for 21 d with 400 mg aminoguanidine/kg per day i.p. revealed no pathologic abnormalities. In addition, no clinical abnormali- ties or weight loss were observed in five mice treated longer than 3 wk with aminoguanidine at this dose. Effects ofaminoguanidine upon EAE histology CNS tissues from at least three spinal cord levels (including lumbar and sacral) were examined histologically and scored blindly in each perfused mouse. For the high dose aminoguanidine group, there was a marked and significant reduction in inflammation (P < 0.02), demyelination (P < 0.02), and necrosis (P < 0.05; see Table II , and Figs. 3, A and B ). Virtually no necrosis was observed in sections from aminoguanidinetreated mice (Fig. 3 B) . At the lower doses, no differences were observed between aminoguanidineand control-treated CNS tissues in inflammation or demyelination. A trend for aminoguanidine-treated mice to display less axonal destruction emerged, but did not achieve statistical significance.
Induction of NOS in RA W 264.7 cells by MBP-sensitized LNC. Inhibition with aminoguanidine and anti-IFN-,y LNC from MBP-immunized mice or their supernates after activation in vitro 48-72 h with 50 ,g MBP/ml induced NOS activity in murine macrophages (RAW 264.7) as determined by nitrite production (Fig. 4) . Nitrite production by RAW cells was inhibited with 2 or 10 mM aminoguanidine or 2 or 10 mM L-NMA, indicating it to be due to NOS induction. Relatively high concentrations of these two NOS inhibitors were used because of the high L-arginine content of Earles's MEM and RPMI 1640 in which the RAW cell induction experiments took place. Supernatant fluids from activated MBP-sensitized LNC contained little nitrite (< 1 1M), as did the supernates of unstimulated RAW cells (Fig. 4) , RAW cells cultured with naive, unimmunized LNC (< 1 gM), or RAW cells to which 50 ,ug MBP/ml had been added (< 1 ,uM). In two experiments, monoclonal antibody to murine IFN-I (20 Ag/ml) completely abrogated induction of iNOS in RAW cells by MBP-reactive cells, as measured by nitrite levels. Anti-TNF-a or anti-IL-1,8
(both used at 1:100 dilution) had no effect upon iNOS induction in RAW cells by MBP-reactive cells.
Effect ofaminoguanidine in vitro
The two recipients of cells cultured in the presence of 100 uM aminoguanidine developed typical EAE with the same latency (7 d) and severity (maximum clinical grades of 5 and 2) as the recipients of cells not cultured in the presence of aminoguanidine.
Specific proliferation to antigen (50 ztg MBP/ml) or mitogen (4 ,g concanavalin A/ml) in the presence and absence of 100 tsM aminoguanidine was determined for MBP-sensitized LNC. In three separate experiments aminoguanidine did not suppress proliferation to MBP. Background counts were similar in the presence or absence of aminoguanidine. In two of three experiments there was no suppression of proliferation to mitogen, even when aminoguanidine was added at 200 tM. In one of the three experiments suppression of the response to mitogen was observed in the presence of 100 ,gM aminoguanidine (SI 51 without vs. SI 27 with aminoguanidine). Serial transfer experiments To further assess whether the effect of aminoguanidine treatment in vivo might be secondary to a deleterious effect upon EAE inducer cells, serial transfer of splenocytes from seven aminoguanidine-treated mice into eight naive recipients was performed in parallel with serial transfers of spleen cells from five controls into five recipients. Serial transfer produced typical EAE in all but one of the recipients in each group. The mean maximum clinical score for the recipients of SC from 
Upper L 0 0 0 0 A296 Sacral aminoguanidine-treated donors was 2.2±1.6 (range = 0-5) and for the recipients of placebo-treated donors was 1.7±1.7 (range = 0-4.5).
Discussion
The present study has shown that activated lymphocytes de Aminoguanidine did not appear to act by killing or inhibiting EAE-inducing T cells since antigen-specific proliferation and EAE transfer were unaffected by the presence of high concentrations of aminoguanidine. Furthermore, splenocytes from aminoguanidine-treated mice served as competent EAEinducer cells after activation with MBP. The present data would support a role for increased NO production at the effector stage of EAE. Aminoguanidine exerts other well-characterized effects, in addition to its inhibition ofNOS. Aminoguanidine is known to be a potent inhibitor of diamine oxidase (23) glycemia-induced advanced glycation end-product formation associated with diabetes (24) . Aminoguanidine has been reported to inhibit aldose reductase activity (reduction ofglucose to sorbitol, reference 25) and prevent apo B lysine modifications (aminoguanidine reacts with the reactive aldehyde products of lipid peroxidation) resulting in inhibition of macrophage uptake of oxidately damaged low density lipoprotein (26) . Since diamine oxidase oxidatively deaminates putrescine, aminoguanidine may affect polyamine metabolism. None of these effects has a known role in the pathogenesis of EAE; thus it would appear unlikely that these effects played a role in its suppression of EAE. Recent studies from this laboratory would support the notion that aminoguanidine inhibits EAE through its inhibition of NOS. Studies using electron paramagnetic resonance spectroscopy demonstrated the presence of nitrosyl-iron complexes in EAE-affected spinal cords concurrent with a diminution in iron-sulfur proteins (4). The toxicity ofNO is known to be due in part to its affinity for, and subsequent destruction of, iron-sulfur proteins, which are crucial to the function ofa number ofenzymes, including enzymes ofthe Krebs cycle and electron transport chain (27, 28) . Cytotoxic effects of increased NO production might destroy oligodendroglia, or impair the ability ofmyelin supporting cells to maintain and manufacture myelin. This notion is supported by a recent study implicating NO as an effector in microglial cell cytotoxicity toward oligodendroglia (29) .
Activated macrophages, astrocytes, and other cell types can produce large quantities of NO via a calcium-independent inducible NOS-iNOS (13, 14, 30) . The inflammatory cells within EAE and MS lesions include large numbers of macrophages (31) (32) (33) (34) . Astroglial cell proliferation is another prominent feature of established and acute lesions (31, 35, 36) . Proinflammatory cytokines such as IFN-y and TNFa induce macrophage (37, 38) and astrocyte iNOS (39) in vitro, apparently by transcriptional modulation (40, 41) . These proinflammatory cytokines are known to be present in lesions ofMS (42, 43) and appear to be important to the development of EAE (44, 45) . Recent reports indicate NO also induces the production of TNF (46, 47) . Although most studies of iNOS have used animal models, evidence for the existence of a human inducible isoform of NOS is accumulating (48) (49) (50) (51) . The present investigation, implicating the increased production of the free radical, NO, in the pathogenesis of murine EAE, provides a basis to suspect a role for NO in the human disease, MS.
